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Limb innervation is established by opposing Hox-dependent activities. In this issue of Developmental Cell,
Jung et al. (2014) show that Hoxc9 restriction of Foxp1, high levels of which specify limb-innervating motor
neurons, first appeared in vertebrates concomitantly with paired appendages. Spatial control of this activity
shapes neural networks controlling locomotion patterns.Cats walk by using their feet, whereas
snakes creep by using undulating body
movements. What is the origin of such
essential differences in locomotion pat-
terns between limb-containing and limb-
less animals? The general answer is
that there are intrinsic differences in spi-
nal cord neuronal circuits that coordinate
limb and trunk muscle activity. Intensive
work over the last decade has laid a solid
basis for understanding how these
neuronal circuits are built during devel-
opment. That body of work has also
highlighted the importance of Hox pro-
teins to produce the wide spectrum
of motor neurons that integrate these
circuits (Dasen and Jessell, 2009). In
this issue of Developmental Cell, Jung
et al. (2014) now provide insight into
how Hox activity might have influenced
the origin and evolution of those neuronal
networks.
Limb muscle activity is controlled by
motor neurons at the brachial and lumbar
portions of the spinal cord, organized
in a ventral column known as the lateral
motor column (LMC). Development of
LMC neurons starts with the induction
of high levels of Foxp1 in their progeni-
tors (Dasen et al., 2008). Foxp1 then
activates molecular cascades involving
Raldh2 and a variety of transcription fac-
tors that define neuronal subtypes within
the LMC. At the brachial level, combina-
tions of Hoxc and Hoxa proteins of pa-
ralog groups 5 to 8 (Hox5–Hox8) endow
different subsets of LMC neurons with
specific identity and connectivity pat-
terns (Dasen et al., 2005). At the lumbar
level, this is achieved by Hox10 proteins
(Dasen et al., 2003). Jung et al. (2014)
now show that the requirement for
Hox activity in LMC development goes
beyond their role as identity determi-
nants. In particular, they show that Hox130 Developmental Cell 29, April 28, 2014 ª2proteins are essential for the initial acti-
vation of Foxp1 expression and are thus
required for the early specification of
LMC neurons. This requirement is tran-
sient because after successful activation,
Foxp1 expression becomes Hox-inde-
pendent and is maintained through a
positive autoregulatory loop (Figure 1).
Restricting LMC identity to limb-inner-
vating areas of the spinal cord is equally
important, and at the trunk (interlimb)
level, Hoxc9 prevents Foxp1 activation,
restricting the LMC to the areas of the
spinal cord adjacent to the limbs (Jung
et al., 2010). As a result, trunk motor neu-
rons become organized in the hypaxial
motor column (HMC), where they control
intercostal muscle activity, and the pre-
ganglionic column (PGC), which projects
to sympathetic ganglia. Hoxc9 regulation
of Foxp1 expression is extended longer
in time than that of Hox5–Hox8 proteins,
ensuring that the Foxp1 autoregulatory
loop is not activated. Previous studies
indicated that Hoxc9 blocks the produc-
tion of Hox5–Hox8 proteins, suggesting
that Hoxc9 restricts the LMC domain
by downregulating expression of LMC-
promoting Hox proteins (Dasen et al.,
2003). However, Jung et al. (2014) show
that blocking Hox5–Hox8 expression is
not sufficient to prevent brachial LMC
formation and that this requires an
additional activity only found in Hoxc9
and Hoxa9. The mechanism mediating
this activity has important implications
for the way we think about how Hox
proteins achieve functional specificity.
Hoxc9 and Hox5–Hox8 proteins share
the same binding targets within the regu-
latory elements of Foxp1, but the domi-
nant activity of Hoxc9 does not result
from simply displacing Hox5–Hox8.
Instead, to achieve the opposite func-
tional output, a discrete motif within014 Elsevier Inc.Hoxc9’s N-terminal region (which the
authors call the modulatory domain, or
MD, motif) is essential (Figure 1). Inter-
estingly, removal of MD actually con-
verts Hoxc9 into a Foxp1 activator. In
addition, MD is functionally different
from another repressor motif found
in Hox9 proteins required for block-
ing Hox5–Hox8 expression. This implies
that Hoxc9 functional specificity does
not merely result from the choice of tar-
gets but from the molecular complexes
it recruits upon binding to a particular
target. The control of a morphogenetic
process through the integration of two
opposing Hox effects on the same regu-
latory region is not exclusive to Hox5–
Hox8/Hoxc9 (e.g., Vinagre et al., 2010),
although it has rarely been described.
Future studies will surely focus on
discovering the extent to which this rep-
resents a general mechanism by which
Hox controls patterning and/or morpho-
genetic processes.
An important outcome of the work of
Jung et al. (2014) is its contribution to
our understanding of how neuronal sys-
tems evolved to promote limb-based
locomotion. The appearance of Hox-ex-
pressing neurons in phylogeny coincides
with the origin of paired appendages
(Murakami and Tanaka, 2011). Because
Hox proteins are essential to generate
LMC neurons, the birth of this motor sys-
tem can then be dated to this stage of
animal evolution. By using a combination
of phylogenetic and functional analyses,
Jung et al. (2014) now show that the
Hoxc9 protein gained its Foxp1-repres-
sing properties at roughly the same junc-
tion in animal phylogeny. Therefore, the
evolution of paired appendages and their
associated motor neuron networks seem
to have progressed hand in hand. More-
over, the properties of Hoxc9 activity
Figure 1. Model of Evolutionary Differences in Motor Neuron
Production
(A) Production of limb-associated motor neurons. Hox proteins (Hox5–Hox8)
interact with regulatory regions of the Foxp1 gene and activate its expression.
Later in development, Foxp1 production is maintained through an autoregula-
tory loop. Foxp1-positive neurons (in blue) become organized into the LMC
and project to limb muscles. This pathway is not activated in snake (limbless)
embryos and is restricted to the neural tube adjacent to the limb buds in
mouse (limb-containing) embryos.
(B) Production of trunk-associated motor neurons. In the trunk, Hoxc9 binds
Foxp1 regulatory regions and prevents its transcription through the activity
of the MD. The repressive domain (RD) of Hoxc9 also blocks production of
Hox5–Hox8 proteins. Hoxc9 prevents LCM formation and trunk motor neu-
rons organize, forming the hypaxial motor column that innervates intercostal
muscles. In snake embryos, the HMC covers the whole length of the spinal
cord, resulting from an extended Hoxc9 expression domain. In the mouse,
the HMC develops in the interlimb area.
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Previewsuggest that it was a key
player in the evolution of the
motor columns by restrict-
ing Foxp1-positive neurons
to limb domains. Therefore,
clarifying the regulatory
mechanisms of Hoxc9 ex-
pression will be an essential
step in understanding the
ontogeny and phylogeny of
this motor system. The distri-
bution of Hox proteins within
spinal cord is thought to be
the readout of the cell’s posi-
tion within morphogen gradi-
ents (Dasen et al., 2003).
However, the radically dif-
ferent Hoxc9 expression pat-
terns observed in closely
related vertebrate embryos
with similar morphogen gradi-
ents are difficult to explain.
An alternative hypothesis is
that the paired appendages
dictate the extent of Hoxc9
expression within the spinal
cord. For instance, a signal
produced by the developing
limbs could prevent Hoxc9
expression in the adjacent
neural tube, thus allowing for
the formation of the LMC.This hypothesis fits with the absent LMC
and extended Hoxc9 expression domain
observed in limbless vertebrates, as
shown by the authors of this paper for
snakes, and with the extended motor
neuron columns of stingrays (Droge and
Leonard, 1983). Interestingly, such amechanism would resemble the system
that specifically generates limb muscle
precursors from the hypaxial somite
border exclusively at the limb level (Die-
trich, 1999). The existence of a common
system to produce limb muscles and their
associated motor neurons would beDevelopmental Cell 29, April 28clearly advantageous from
both a developmental and
an evolutionary perspective.
Future studies testing this
evolutionary hypothesiswould
certainly be of great interest to
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